The abuse of 'bath salts' has raised concerns because of their adverse effects, which include delirium, violent behavior, and suicide ideation in severe cases. The bath salt constituent 3,4-methylenedioxypyrovalerone (MDPV) has been closely linked to these and other adverse effects. The abnormal behavioral pattern produced by acute high-dose MDPV intake suggests possible disruptions of neural communication between brain regions. Therefore, we determined if MDPV exerts disruptive effects on brain functional connectivity, particularly in areas of the prefrontal cortex. Male rats were imaged following administration of a single dose of MDPV (0.3, 1.0, or 3.0 mg/kg) or saline. Resting state brain blood oxygenation level-dependent (BOLD) images were acquired at 4.7 T. To determine the role of dopamine transmission in MDPV-induced changes in functional connectivity, a group of rats received the dopamine D 1 /D 2 receptor antagonist cis-flupenthixol (0.5 mg/kg) 30 min before MDPV. MDPV dose-dependently reduced functional connectivity. Detailed analysis of its effects revealed that connectivity between frontal cortical and striatal areas was reduced. This included connectivity between the prelimbic prefrontal cortex and other areas of the frontal cortex and the insular cortex with hypothalamic, ventral, and dorsal striatal areas. Although the reduced connectivity appeared widespread, connectivity between these regions and somatosensory cortex was not as severely affected. Dopamine receptor blockade did not prevent the MDPV-induced decrease in functional connectivity. The results provide a novel signature of MDPV's in vivo mechanism of action. Reduced brain functional connectivity has been reported in patients suffering from psychosis and has been linked to cognitive dysfunction, audiovisual hallucinations, and negative affective states akin to those reported for MDPV-induced intoxication. The present results suggest that disruption of functional connectivity networks involving frontal cortical and striatal regions could contribute to the adverse effects of MDPV.
INTRODUCTION
There has been a growing number of serious cases of bath salt intoxication in the United States, with nearly 23 000 emergency room visits registered in 2013 (Substance Abuse and Mental Health Services Administration (SAMHSA, 2014) ). Designer cathinones present in bath salts are widely abused and have adverse effects on mental health. Some users are under the false impression that bath salts are safe, legal, and non-addictive alternatives to illicit psychostimulants, such as cocaine, methamphetamine (METH), and methylenedioxy-methamphetamine (MDMA). Bath salts can contain one or a mixture of cathinone derivatives, many of which act as powerful stimulants. A growing number of reports highlight the negative mental health consequences of bath salts (Marder, 2012) . This is particularly the case with the bath salt constituent 3,4-methylenedioxy-pyrovalerone (MDPV), which has been involved in numerous cases of bath salt intoxication in the US Clinical reports, indicating that MDPV users treated for acute intoxication show behavioral disturbances produced by acute intake that can last beyond 4 weeks (Prosser and Nelson, 2012; Shulgin, 2009) . Acute intoxication produces typical stimulant-like effects, including increased energy, euphoria, and elevated feelings of empathy, and sociability. The 'crash' that follows involves negative affective states, such as depression, suicidal thoughts, anxiety, panic attacks, excited delirium, bouts of violent aggression towards self and others, and combativeness (Haiken, 2012; Penders and Gestring, 2011; Stevenson and Tuddenham, 2014; Stoica and Felthous, 2013; Thornton et al, 2012) , that resemble a severe psychotic episode (John et al, 2014) . The neurobiological mechanisms that contribute to the initial positive effects are an active area of preclinical research (Bonano et al, 2014; Watterson et al, 2012) ; however, factors contributing to the postreward crash are unclear. Despite growing evidence that MDPV's rewarding effects are mediated through the dopamine transporter (DAT) (Kolanos et al, 2013) , its other reported psychotropic effects (Murray et al, 2012; Penders and Gestring, 2011; Seely et al, 2013; Stevenson and Tuddenham, 2014) suggest additional central actions. In particular, it seems likely that the mechanisms of the acute reinforcing effects of MDPV intake differ from the later-onset effects (Prosser and Nelson, 2012; Shulgin, 2009) . Acute effects of MDPV at low-to-moderate doses are likely to involve brain reward regions targeted by other stimulants, such as cocaine and METH (Baumann et al, 2012; Simmler et al, 2013) , whereas higher doses have the potential to influence other brain networks (Penders and Gestring, 2011) . Given the nature of the reported behavioral disturbances, it is possible that MDPV causes disruptions in the coherent interactions among brain regions that are necessary for normal cognition and affect, as reported in other neuropsychiatric conditions involving audiovisual hallucinations (Anticevic et al, 2013; Lui et al, 2009; Sommer et al, 2012; Wolf et al, 2011) .
Animal imaging provides a novel and noninvasive approach to assess the effects of MDPV in the intact brain. Traditional functional magnetic resonance imaging (fMRI) and functional connectivity analysis have been used to investigate the neural actions of stimulants in rodents (Febo et al, 2005; Kaufman et al, 1998; Li et al, 2000; Luo et al, 2004; Marota et al, 2000; Zuo et al, 2011) . Functional MRI studies in rats indicated that cocaine increases neural activity in the prefrontal cortex, and in the nucleus accumbens (NAc) and dorsal striatum (Febo et al, 2004a, b; Lu et al, 2012a) . Cocaine also reduces functional connectivity in mesolimbic and mesocortical brain areas (Lu et al, 2014) , as well as in other non-reward-related brain regions (Li et al, 2000) . Therefore, we predicted that MDPV administration would elicit similar reductions in functional connectivity between the NAc and the prefrontal cortex. The core of the NAc and the prelimbic area of the prefrontal cortex show resting and evoked coherent activity (Ewing and Grace, 2013; McCracken and Grace, 2009) . Prefrontal synaptic inputs drive plasticity in the core of the NAc (Kombian and Malenka, 1994) , and cocaine and other drugs of abuse impair plasticity in these regions of the reward system (Shen and Kalivas, 2013) . Loss of coherent brain activity in these brain reward regions could potentially underlie the adverse behavioral effects of MDPV. We observed that MDPV caused a significant, widespread, and dose-dependent disruption of functional connectivity, which involved frontal cortical, striatal, and hypothalamic brain regions, and also areas outside of the mesocorticolimbic system. Impaired connectivity involving these structures could represent one mechanism by which this drug causes negative cognitive and emotional effects.
MATERIALS AND METHODS

Subjects
Adult male Long Evans rats (n = 45; 250-300 g at the start of the experiments) were obtained from Charles River Laboratories (Wilmington, MA, USA) and housed in pairs in a temperature-and humidity-controlled vivarium (12 h lightdark cycle with lights off at 1900 hours). Food and water were available ad libitum. Experiments and procedures received prior approval by the Institutional Animal Care and Use Committee of the University of Florida and followed all applicable NIH guidelines.
Drug Treatments and Preparations for Functional Imaging
MDPV hydrochloride and cis-flupenthixol dihydrochloride were purchased from Sigma-Aldrich Chemical Co. (St Louis, MO). These were dissolved in 0.9% sterile saline and administered intraperitoneally before induction of anesthesia. For the dose-response functional imaging study, MDPV (0.3, 1.0, or 3.0 mg/kg) or saline was administered 50-60 min before acquiring the resting state fMRI data sets (Figure 1 ). This time point was chosen because there is potentiation of brain reward function by MDPV doses in the range of 0.32-3.2 mg/kg (subcutaneously) within the first 100 min after administration (Bonano et al, 2014) , whereas the hyperthermia and putative effects on cerebral blood flow have subsided by 40 min . Plasma concentrations of major MDPV metabolites are still low at this time, whereas MDPV is highly concentrated in dorsal striatal tissue and is still present at almost 50% peak plasma concentrations (Anizan et al, 2014; Novellas et al, 2015) . Rats were administered sterile saline (1 ml/kg, intraperitoneally) or a single dose of MDPV (in mg/kg: 0.3, 1.0, and 3.0; n = 7-8 rats per dose) 25 min before induction of anesthesia using 3-4% isoflurane delivered in medical grade air (70% nitrogen/30% oxygen; air flow rate 1.5 ml/min). Once induced, isoflurane was lowered to 2% for setup procedures and rats were given a single subcutaneous injection of the sedative agent dexmedetomidine (0.02 mg/kg). The additional sedative treatment allowed the entire 24-min imaging session to be performed while rats were under 0.5% isoflurane (Grandjean et al, 2014) . Set up time took 20-30 min, and thus rats were imaged at 50-60 min following the saline or MDPV injection (Figure 1a) .
For the dopamine receptor blockade imaging study, the non-selective dopamine D 1 /D 2 receptor antagonist cis-flupenthixol was administered at a dose of 0.5 mg/kg (intraperitoneally) 30 min before 3.0 mg/kg MDPV (Figure 1b) . Administration of this dose of the dopamine antagonist has been reported to reduce the conditioned reinforcing effects of cocaine (Wenzel et al, 2013) and cocaine taking and seeking, without affecting similar parameters for sucrose intake (Veeneman et al, 2012) . In addition, this dose does not produce catatonia or other extrapyramidal motor effects in rats (Veeneman et al, 2012; Wenzel et al, 2013) . Rats in this group were imaged 60 min after MDPV (90 min after cisflupenthixol). Data from the flupenthixol+3.0 mg/kg MDPV group were compared with the MDPV-alone group.
To sum, a total of 37 rats were used for the imaging, which included saline controls (n = 7), MDPV at 0.3 mg/kg (n = 7), 1.0 mg/kg (n = 8), and 3.0 mg/kg (n = 8), and flupenthixol+3.0 mg/kg MDPV (n = 7). One week after imaging, the same dose of the corresponding drug or saline treatment was administered to a subset of these 37 rats and locomotor activity was measured (experiment details and group sizes provided below).
Functional Magnetic Resonance Imaging
Rats were imaged under low doses of anesthetic dexmedetomidine (0.02 mg/kg) and isoflurane (0.5%). Pilot studies indicated that this combination of anesthetics, which is similar to that reported previously (Lu et al, 2012b) , allows the measurement of stable, resting state fMRI activity across subjects. This anesthetic regimen was designed with the aim of rapid throughput for short imaging sessions, as rats are awake within minutes after returning to their home cages. Core body temperature and spontaneous respiratory rates were continuously recorded during MRI scanning (SA Instruments, Stony Brook, NY). Rats were maintained at normal body temperature levels (37-38°C) using a warm water recirculation system.
Images were collected on a 4.7 T/33 cm horizontal magnet (Magnex Scientific) with an 11.5 cm diameter gradient insert (Resonance Research, Billerica, MA) (670 mT/m maximum gradient strength at 300Amps and 120 μs rise time) and controlled by the VnmrJ 3.1 software (Agilent, Palo Alto, CA). A quadrature transmit/receive radiofrequency (RF) coil tuned to 200.6 MHz 1 H resonance was used for B 1 field excitation and RF signal detection (airmri; LLC, Holden, MA). Functional images were collected using a 2-shot spinecho echo-planar imaging (EPI) sequence (echo time = 50 ms and repetition time = 1 s) with the following geometric parameters: 32.5 × 32.5 mm 2 in plane, 12 slices at 1.5 mm thickness per slice, data matrix = 64 × 64 (508 μm in-plane resolution). Spin echo sequences for functional MRI studies have been well characterized in the literature (Diekhoff et al, 2011; Duong et al, 2002 Duong et al, , 2003 Febo et al, 2004b; Goense and Logothetis, 2006; Harmer et al, 2012; Poser and Norris, 2007; Sanchez Panchuelo et al, 2015; Yacoub et al, 2003) . It should be noted that for resting state fMRI, it was recently shown that spin-echo EPI provide adequate resting state functional localization that improves upon gradient echo sequences, especially when confounds related to signal dropouts need to be minimized (Chiacchiaretta and Ferretti, 2015) . A total of 200 repetitions per EPI scan were collected (6 min and 40 s), with two EPI scans collected per rat. No stimuli were presented during functional scanning. Anatomical scans for image overlay and reference-to-atlas registration were collected using a fast spin echo sequence (TE = 45 ms; TR = 2 s; RARE factor = 8; number of averages = 10) with the same dimensions as the EPI scan, but at a higher resolution (256 × 256 in plane for a resolution of 127 μm).
Image Processing and Analysis
Brain masks were manually created on itkSNAP (www. itksnap.org) using high-resolution anatomical scans to remove non-brain voxels. Cropped images were registered to an atlas of the rat brain using the FMRIB Software Library linear registration program flirt (Jenkinson et al, 2002) . The atlas is segmented into 174 brain regions spanning olfactory bulb to the lower brainstem of the rat (Ekamsolutions LLC, Holden, MA) (Figure 2 ). Registration matrices were saved and used to subsequently transform functional data sets into atlas space for preprocessing and analysis. Functional images were realigned to the first image in the time series. Slice timing correction was applied and time-series spikes were removed using Analysis of Functional NeuroImages (AFNIs) (Cox, 1996) . Linear and quadratic detrending and spatial blurring was applied to all images, and these were intensity normalized. Six head motion parameters, and cerebroventricular and white matter signals were removed from all data sets. A voxelwise temporal bandpass filter (between 0.01 and 0.1 Hz) was applied to remove brain signals that contain cardiac and respiratory frequencies. Spontaneous BOLD signals were extracted from a total 150 regions of interest (ROIs) (75 ROIs in the left and 75 in the right hemisphere) based on the atlas-guided seed location. Signals were averaged from voxels within ROI located in each hemisphere. Cross-correlations between the extracted fMRI signals per each ROI were carried out to create correlation coefficient (Pearson's r) maps. The first nine images in each functional time series were not used in the cross-correlation step. Pearson's r maps were then subjected to a voxelwise z-transformation. Two correlation maps were averaged per subject to generate a single correlation map subsequently used for statistical comparisons. AFNI's 3dttest++ was used to compare MDPV doses to saline to map changes in functional connectivity with drug treatment. For the resultant composite statistical maps, AFNI's 3dClustSim program was used to determine the adequate cluster size for a given uncorrected p-value. The resultant voxel cluster size at po0.05 was used to control the level of false-positive rates in the final group statistical maps. Our preliminary assessment of data sets shows a consistent and symmetrical pattern of brain resting state network organization using this approach (Supplementary Figure 1) . To further assess brain network level changes in functional connectivity, z-score values for the 150 ROIs were imported into Matlab (Natick, MA) and two-tailed unpaired t-tests (with heteroscedastic variances) were used to compare MDPV to saline groups. Because the large-scale data sets involving 0.5n(n − 1) pairwise comparisons for 150 nodes per each subject could lead to increased type I errors, a false discovery rate (FDR) algorithm was implemented in Matlab (Storey, 2002) .
Symmetrical graphs of group z-scores and FDR corrected p-values were constructed to compare saline and MDPV groups (Figures 4 and 6) . Statistical tests comparing functional connectivity per individual ROI's are indicated in figure legends. In most cases, a one-way analysis of variance (ANOVA with Sidak's multiple-comparison post hoc test; drug treatment as an independent variable) or a t-test between means of saline and MDPV groups was used. Statistical comparisons were carried out using Matlab software or GraphPad Prism 6.0.
Temperature and Respiratory Measurements
As part of the general neuroimaging procedures, rectal temperature was measured using a thermocouple probe and respiratory strokes were measured noninvasively using a force transducer (SA Instruments, Stony Brook, NY). One-way ANOVA with drug treatment as the independent variable was used to compare groups on these measures (significant po0.05).
Locomotor Activity Measurements
Locomotor and stereotypic activity in response to MDPV was measured using an automated activity monitoring system (Accuscan Instruments, Columbus, OH). Details of the test arenas and control software are provided in previous publications (Febo et al, 2003 (Febo et al, , 2002 . Animals were tested 1 week after imaging. The four groups consisted of rats given saline (n = 7), MDPV (0.3 mg/kg, n = 7; 3.0 mg/kg, n = 6), or cis-flupenthixol+3.0 mg/kg MDPV (n = 8). Rats were placed into test arenas to habituate for 60 min ( Figure 1c ). They then received an intraperitoneal injection of saline or cis-flupenthixol (0.5 mg/kg, intraperitoneally). After 30 min, they received another intraperitonealinjection of saline or MDPV. Locomotor activity was measured during the entire test session, which included the 60 min habituation period, the pretreatment period, and a 90-min period after MDPV or saline. Behavioral results were analyzed using a two-way ANOVA with drug groups × time as independent variables (time as a repeated factor; significant po0.05).
Blood Pressure and Arterial Oxygen Measurements
In a separate group of eight rats, heart rate and percent realtime arterial oxygen saturation (in % of functional arterial hemoglobin; SpO 2 ) were noninvasively measured (MouseOx system from STARR Life Sciences Corp, Oakmont, PA, coupled with a rat foot sensor). In a group of four rats, these studies were carried out to determine whether animals under the dexmedetomidine and isoflurane sedation used for the imaging studies showed stability in these systemic physiological variables. In another group of four rats, these studies were conducted under the same conditions but rats were administered 3 mg/kg MDPV. In both experiments, the sequence of treatments for dexmedetomidine, isoflurane and MDPV were as described in the above sections (Figure 1 ). The foot sensor was placed in between the metarsal pads and just above the tarsal pads. The recordings were performed at a rate of 5 Hz and were monitored for 20 min.
RESULTS
Detection of Rat Brain Network Functional Connectivity Using Seed-Based Analysis
Seed-based functional connectivity analysis is often used to identify spontaneous coherent networks in rat brain (Pawela et al, 2008) . In the present study, a cross-correlation procedure resulted in the identification of networks associated with spontaneous BOLD activation measured using seed ROIs based on a segmented atlas of rat brain (Ferris et al, 2015) . Based on the known functional neuroanatomy affected by psychostimulants, the chosen ROIs included subregions of the prefrontal cortex, ventral and dorsal striatum, sensory, motor, association cortices, midbrain, and memory networks. The connectivity patterns with several of these brain regions are illustrated in composite maps in Supplementary Figure 1 . Significant coherent BOLD activity occurred with structures near the vicinity (within several slices) of seed regions. However, in general, these followed a connectivity pattern that is consistent with published studies (Jonckers et al, 2014; Lu et al, 2012b Lu et al, , 2014 Pawela et al, 2008) . Importantly, comparisons of in vivo functional connectivity patterns to functional connectivity patterns in fresh and fixed post-mortem brain tissue indicate that the patterns are not the result of technical artifacts arising from image acquisition (radiofrequency, gradient noise, etc.) or artifacts from the analysis and processing procedure (Supplementary Figure 2) .
Dose-Dependent Effect of MDPV on Functional Connectivity
Group statistical comparisons of saline control and MDPV dose groups (for NAc and prelimbic area seeds) are shown in Figure 3 (group statistical t maps show voxel activations at a threshold of t = 3.7 p ⩽ 0.05, cluster-size corrected, n = 7-8). Functional connectivity with NAc or prelimbic area seed is shown in the left column (Figures 3a and b) . Qualitative comparisons are made to the whisker barrel field somatosensoricortical (SSC) area (Figure 3c) . A single seed for one hemisphere is shown for each of these brain regions (Figure 3, green arrows) . Administration of 0.3 mg/kg MDPV did not significantly alter connectivity with NAc or prelimbic area, whereas significant decreases in connectivity were observed with the higher doses of MDPV (1.0 and 3.0 mg/kg). The most potent effect on functional connectivity was observed with the highest dose, which caused a robust reduction in functional connectivity with the NAc and prelimbic area. Interestingly, as shown in Figures 3a and b , caudal regions far from seed regions showed modest but significant increases in functional connectivity. This effect was noticeably significant in the midbrain near the ventral tegmental area (VTA)/substantia nigra and periaqueductal gray (in the case of the NAc seed; Figure 3a ) and in the insular cortex and hypothalamus (in the case of the prelimbic seed region; Figure 3b ). It should be noted that in the case of the SSC barrel field seed, there was not a significant effect of the 1 mg/kg dose, and the reduction in functional connectivity caused by the higher dose was noted in the contralateral region and the sensory thalamus (Figure 3c ). Contrary to the NAc and prelimbic seeds, we did not observe increased connectivity in any areas when the barrel field was chosen as the seed region (Figure 3c ).
We next analyzed functional connectivity across 150 anatomically defined ROIs. The functional connectivity analysis was represented as adjacency matrices (Albert and Barabasi, 2002) . The matrices were constructed using the correlation coefficient values (Fisher's z transformed) for each pair of ROIs. This yielded graphs reflecting functional connectivity patterns in saline control and MDPV-treated rats. Figure 4 shows the composite graphs for the rats in these groups (n = 7). The layout of the composite graphs, which show the intra-and interhemispheric correlations of the functional and anatomical groups, is displayed in Figure 2b . The graph emphasizes the location of segregated groups of ROIs. Figure 2c summarizes the list of 150 ROIs in the same order in which they are presented on the graphs. The ROIs include learning and memory regions, cortico striatal areas, sensorimotor, and amygdala areas. In the saline-control rats, there is a visibly robust segregation of high-correlated BOLD activity around groups of functionally and anatomically related brain regions. The graphical representations were stable and robust for the networks, as emphasized by the strikingly similar spatial pattern of global connectivity that was observed between the saline group and the group given the lowest dose of MDPV (0.3 mg/kg, n = 7) (Figure 4 , top two left panels). In these two groups, there was a similar pattern of segregated organization around anatomical and functional regions (Figure 4 ). Statistical comparisons confirmed that in all of the 150 ROIs tested there, were no differences (Figure 4 ; FDR corrected t-test comparing saline vs 0.3 mg/kg MDPV means). However, when compared with the saline group, both the middle and high doses of MDPV (1.0 and 3.0 mg/kg, respectively) caused powerful reductions in functional connectivity (po0.05 FDR corrected; Figure 4 ). This effect was significant and consistent across data from individual subjects. We confirmed this by examining the variance distribution across connectivity graphs for all treatment groups (Supplementary Figure 3) . These showed a modest degree in variance (SDs o0.3), with the group showing the highest degree of variability corresponding to the 0.3 mg/kg MDPV group (Supplementary Figure 3) .
It is important to note that the reduction in functional connectivity with the two highest doses of MDPV did show anatomical specificity. The segregated patterns in the connectivity graphs (Figure 4 , bottom right) illustrate the regional specificity of MDPV. The specificity of the effects of MDPV is further supported by measurement of functional connectivity between specific brain reward regions in the saline and 3.0 mg/kg conditions ( Figure 5 ). MDPV caused a significant reduction in functional connectivity between the NAc core and various striatal, forebrain, and frontal cortical areas (t-test, p = 0.05; Figure 5a ). The effect of MDPV on NAc core connectivity appeared widespread across brain areas. Yet, this was not the case for the prelimbic region. This region showed a reduced connectivity only with other frontal cortical areas within its vicinity, including the infralimbic and orbital cortices (Figure 5b ). The more laterally located insular cortex (Figure 5c ), however, showed a significant reduction in functional connectivity, with similar areas showing connectivity with the NAc core. Finally, no effect of MDPV on functional connectivity was observed in response to MDPV in the SSC barrel field cortex. A primary reason behind this lack of effect is the low level of functional connectivity between this region and striatal, forebrain, and frontal cortical areas in the saline group (Figure 5d ).
Effect of Dopamine Receptor Blockade on Globally Disrupted Connectivity Produced by High-Dose MDPV
MDPV is known to be a powerful DAT blocker (Bonano et al, 2014; De Felice et al, 2014; Kolanos et al, 2013) , and it prolongs elevations in extracellular dopamine in the striatum to a greater extent than cocaine (Baumann et al, 2012) . It is possible that this robust elevation in dopamine levels affects many regions of the brain and may constitute one mechanism by which MDPV reduces brain functional connectivity. To test this hypothesis, we administered the nonselective dopamine D 1 /D 2 receptor antagonist cis-flupenthixol at a dose of 0.5 mg/kg 30 min before 3.0 mg/kg MDPV treatment to test whether it prevents the globally reduced functional connectivity. To maintain consistency across treatment conditions, rats were provided the same temporal sequence of anesthetics as the saline or MPDV-alone groups ( Figure 1 ). As shown in Figure 6 , cis-flupenthixol did not affect the MDPV-induced reduction in functional connectivity.
Behavioral Results
To determine whether the dose of cis-flupenthixol was effective in modulating the behavioral response to high-dose MDPV, locomotor activity and stereotypy were evaluated following administration of saline vehicle, 0.3 or 3.0 mg/kg MDPV, or 3.0 mg/kg MDPV+cis-flupenthixol (Figures 7a  and b) . For both stereotypy and locomotor activity, there were no significantly different time points between saline and the 0.3 mg/kg dose of MDPV. In contrast, at all time points postadministration, there were significant differences between saline and the 3.0 mg/kg dose of MDPV (po0.05). There was a significant main effect of drug (MDPV) treatment for locomotor activity (F 3,24 = 11.8 po0.0001; two-way ANOVA, drug main factor × time repeated factor) and stereotypy (F 3,24 = 8.7 p = 0.0004; two-way ANOVA, drug main factor × time repeated factor). Importantly, repeated-measures ANOVA results confirmed a significant drug × time interaction for locomotor activity (F 87,696 = 9.4, po0.0001) and stereotypy (F 87,696 = 7.9, po0.0001; Sidak's multiple-comparison post hoc test, po0.05).
The administration of cis-flupenthixol did not affect the locomotor or stereotypic activity during the 30-min period immediately preceding MDPV injection. However, cisflupenthixol attenuated locomotor activity and stereotopy in rats that had received 3.0 mg/kg of MDPV. The attenuated response in rats with dopamine receptor blockade was observed from 50-90 min following MDPV administration (100-150 min in Figure 7a , po0.05). This return to baseline after 110 min is consistent with the idea that flupenthixol reduces the locomotor stimulant effects of MDPV. The effect of MDPV and flupenthixol+MDPV on locomotor activity and stereotopy showed a similar effect (Figure 7b ).
Systemic Physiological Effects of MDPV Administration
Core body temperatures and respiratory rates were recorded during functional scanning and analyzed to determine the potential effect of drug-associated physiological perturbations on imaging results. Results are shown in Figures 8a and b. Respiratory rates were very stable across saline and MDPV dose groups (Figure 8b , 60-65 strokes per minute for 0-3 mg/kg MDPV). Although there was a tendency for the highest dose of MDPV to reduce body temperature (Figure 8a , 36°C for 3 mg/kg compared with 37°C for saline), this did not reach statistical significance (p = 0.058, nonparametric Mann-Whitney test). Animals treated with cis-flupenthixol before MDPV showed a significantly higher respiratory rate (and no change in body temperature) compared with the saline and MDPV-only groups (Figure 8b) .
In a separate cohort of animals, containing both control and 3 mg/kg MDPV-treated rats, we assessed heart rates and arterial O 2 tension (Figures 8c and d) . All rats (n = 8) showed very stable heart rate and percent arterial O 2 tension over the course of a 20-min physiological monitoring period (measured 30-40 min after dexmedetomidine injection). Although it appeared that MDPV had more variable effects on both heart rate and O 2 , these physiological variables were not significantly different when compared with control rats (heart rate t 6 = 0.78, p = 0.46; arterial O 2 t 6 = 0.47, p = 0.65). This holds true when comparing the initial and end of the measurement period (heart rate t 6 = 1.4, p = 0.21; arterial O 2 t 6 = 1.2, p = 0.28). Thus, collectively, these results do not support the notion that the effect of MDPV on functional connectivity is linked to changes in these physiological variables (respiratory activity, body temperature, heart rate, and changes in arterial O 2 ).
DISCUSSION
In the present study, MDPV administration reduced brain functional connectivity at the highest doses examined (1.0 and 3.0 mg/kg, intraperitoneally). The reduction in synchronous BOLD activity occurred across a large number of ROIs that covered most of the forebrain and regions of midbrain ( Figures 3, 4 and 5). These regions included areas involved in reinforcement learning, habit learning, and drug seeking, as well as regions involved in higher-order cognitive functions, learning and memory, and sensory and associative processing. The results show a novel functional signature in the MDPV-exposed brain that could underlie some of its negative effects reported in the clinical literature. The observed reduction in brain functional connectivity is consistent with the reported widespread range of impairments across sensorimotor, cognitive, and emotional domains that are observed during MDPV intoxication.
Animal studies (Aarde et al, 2013; Baumann et al, 2012; Bonano et al, 2014; Gatch et al, 2013; Huang et al, 2012; Marusich et al, 2014b; Watterson et al, 2014) and in vitro monoamine transporter assays (Baumann et al, 2012) have shown that MDPV produces typical psychostimulant-like effects, with a mechanism of action that is similar to and, yet, more powerful and longer lasting than cocaine. The biological activity of bath salts, including MDPV, is thought to be largely mediated through their effects on mesostriatal monoaminergic neurotransmission (Cozzi et al, 1999) . MDPV binds to human DATs expressed in oocytes and elicits an outward current that is greater in magnitude and of longer duration than that evoked by cocaine (Kolanos et al, 2013; Sonders et al, 1997) . In addition to its prolonged effects on blocking DAT-mediated transport, MDPV is also a potent norepinephrine transporter (NET) inhibitor, with greater potency for NET than cocaine or METH (Simmler et al, 2013) . Consistent with its potent activity at striatal DATs and NETs, MDPV is also a potent locomotor stimulant (Gatch et al, 2013) and produces conditioned place preference in both rats and mice (Karlsson et al, 2014; King et al, 2015) . It also significantly elevates extracellular levels of dopamine in the striatum (Baumann et al, 2012 ). However, MDPV shows negligible levels of activity as a substrate for the DAT and NET or as a dopamine D 1 /D 2 receptor ligand (Simmler et al, 2013) . The methylenedioxy substitution confers MDMA-like discriminative stimulus properties, empathogenic effects, and reduces its amphetamine-like discrimination properties (Dal Cason et al, 1997) . This chemical moiety might also underlie its high blood brain-barrier penetrance and prolonged duration of action compared with other bath salt constituents (Bonano et al, 2014) . MDPV also produces higher rates of intravenous self-administration compared with METH (Aarde et al, 2013) , and extended access to MDPV causes escalation of drug intake at multiple doses (Watterson et al, 2014 ).
An interesting aspect of MDPV's mechanism of action in relation to the findings of the present study is its systemic metabolic breakdown. A dose range of 0.5-2.0 mg/kg (subcutaneous) produces a maximum plasma concentration at about 15-18 min in rats (Anizan et al, 2014) , which in the present study could have occurred even sooner given the intraperitoneal route of administration. In contrast, its main metabolites, 3,4-dihydroxy-pyrovalerone and 4-hydroxy-3-methoxy-pyrovalerone (Meyer et al, 2010; Strano-Rossi et al, 2010) , rise gradually, with peak concentrations occurring much later (between 190 and 260 min; Anizan et al, 2014 ). It might be expected then that at the time of image acquisition in the present study, plasma levels of both metabolites were rising towards peak concentrations. This suggests the possibility that the reduced functional connectivity observed at 1 h following intraperitoneal MDPV administration could be, in part, associated with these metabolites. To our knowledge, the metabolites themselves have not been tested for locomotor-activating effects. However, Anizan et al (2014) observed a weak relationship between peak concentrations of hydroxylated metabolites of MDPV and levels of locomotor activity and stereotypy. This contrasts with the potent effects of MDPV itself on locomotor activity, which Figure 7 Pretreatment with the dopamine receptor blocker caused a faster decline in 3,4-methylenedioxypyrovalerone (MDPV)-induced locomotor activity. Data are presented as mean ± SE (n = 6-8 rats per treatment). A significant main effect of drug treatment was observed for locomotor activity (F 3,24 = 11.8 po0.0001; two-way analysis of variance (ANOVA) drug main factor × time repeated factor) and stereotypy (F 3,24 = 8.7, p = 0.0004; two-way ANOVA drug main factor × time repeated factor). *, MDPV 3.0 mg/kg significantly different from saline; •, Flup+MDPV significantly different from saline; ○, MDPV 3.0 mg/kg significantly different from Flup+MDPV (Sidak's multiple comparison post hoc test, po0.05). Flup, cis-flupenthixol.
are much greater than that of cocaine (~10 times more potent) (Baumann et al, 2012) . Therefore, it is not likely that these metabolites have a role in increased MDPV-induced locomotor activity and stereotypy. It is important to note that at this time point (1 h postadministration) striatal MDPV concentrations are still near peak levels, although plasma levels have dropped to below 50% peak concentrations (Novellas et al, 2015) . Thus, activity of MDPV in striatal regions might account, in part, for our observed results.
In addition to its rewarding effects, MDPV is reported to produce aversive effects (Merluzzi et al, 2014) . Rats acquire conditioned taste aversion to saccharine solution following a single administration of MDPV doses within the range of those used in the present study. This effect is consistent with the late onset negative symptoms following MDPV intake that have been reported in the clinical literature (Penders and Gestring, 2011; Stoica and Felthous, 2013) . It will be important to determine in future studies whether the reductions in functional connectivity observed in the present study are associated with aversive effects of MDPV. Another particularly intriguing aspect of MDPV's effect on functional connectivity was the marked difference in its effect when going from 0.3 to 1 mg/kg. This threefold increase in dose was sufficient to powerfully hinder resting state networks that were active in saline and low-dose MDPV conditions. Although speculative at this moment, these results could signify that the higher dose alters a neural substrate that specifically affects resting state functional connectivity, whereas the lower dose does not.
Blocking dopamine receptors with cis-flupenthixol attenuated the locomotor stimulant effects of MDPV (Figure 7) . The activity declined more rapidly in animals pretreated with cis-flupenthixol, although the initial (peak) magnitude of the locomotor response to MDPV was not affected. These results suggest that the central mechanisms of the locomotor stimulant actions of MDPV at least partly involve dopaminergic stimulation, which was attenuated by cis-flupenthixol pretreatment. These results are consistent with a recent study showing that MDPV stimulated locomotor activity at the same doses and administration routes used in the present work (Novellas et al, 2015) . Novellas et al (2015) found that pretreatment with haloperidol, an antagonist for dopamine and other amine neurotransmitter receptors, 10 min before MDPV administration completely blocked the locomotor stimulant actions of MDPV. When compared with the present partial effects of the more selective dopamine receptor blocker, this might suggest that other neurotransmitter systems are involved in MDPV's potent stimulant actions. Importantly, in the present study a significant effect of flupenthixol on MDPV-induced locomotor activity was present 50-60 min after MDPV administration, which corresponds to the time point at which imaging data were collected.
As cis-flupenthixol did not affect the MDPV-induced reduction in functional connectivity, these findings suggest that a mechanism involving other aspects of dopamine neurotransmission (other than dopamine receptor stimulation) is responsible for the effects of MDPV on functional connectivity. Interestingly, Wenzel et al (2013) found that dopamine receptor blockade with a similar dose of cisflupenthixol reduced cocaine-induced place preference but did not affect the more delayed place aversion (Wenzel et al, 2013) . These findings are consistent with the dissociation between the effects of cis-flupenthixol on MDPV-induced locomotor activity and functional connectivity changes and provide a potential link between reductions in functional connectivity and negative affect induced by MDPV. It should be pointed out, however, that while cis-flupenthixol shows high selectivity for dopamine receptors (Meller et al, 1985) , and reduces cocaine seeking in rats (Ahmed and Koob, 2004) , it does not distinguish between the dopamine D 1 and D 2 receptor subtypes. Therefore, it is possible that other aspects of dopamine neurotransmission, such as direct actions at the presynaptic transporter, might mediate the effects of MDPV on functional connectivity.
It will be an important goal of future research to more directly investigate the dopaminergic and (putative) non-dopaminergic mechanisms of these effects. A possible mechanism could involve the noradrenergic system (Baumann et al, 2012; Marusich et al, 2014a) . MDPV binds to NET and increases norepinephrine availability. The noradrenergic system projects extensively to cortical and subcortical regions, which is consistent with the widespread effects of MDPV on functional connectivity. Noradrenergic inputs to the bed nucleus of stria terminalis and central nucleus of the amygdala, which are involved in the expression of anxiety-like behavior in rats (Fendt et al, 2005) . Blockade of β-adrenergic receptors in these regions attenuates the delayed aversive (but not the immediate rewarding) effects of cocaine (Wenzel et al, 2014) . Hence, it is possible that activation of adrenergic receptors may mediate (at least in part) the reported aversive effects of MDPV. Although, to our knowledge, the role of noradrenergic signaling in functional connectivity has not been evaluated in animal models, a recent study using the NET inhibitor atomoxetine in Parkinson's disease patients reported increased functional connectivity between the right inferior frontal gyrus and the dorsal anterior cingulate cortex (Borchert et al, 2016) . While it is difficult to compare these results to our present work, the direction of functional connectivity changes with a DAT/NET blocker (decreased with MDPV) compared with a NET inhibitor (increased with atomoxetine) reduces support for NET involvement in MDPV's effect on functional connectivity.
There have been no functional connectivity studies to date that have focused on the effects of MDPV or other bath salt constituents. There have been a number of studies in humans, non-human primates, and rodents, however, that have assessed the effects of other dopaminergic agents on functional connectivity. Methylphenidate administration to cocaine users reduced high levels of functional connectivity between the ventral and dorsal striatum/globus pallidus and increased connectivity between ventral striatum and temporal structures (Konova et al, 2013) . Acute administration of the dopamine receptor antagonist haloperidol reduced connectivity between structures comprising the default mode network and the midbrain in healthy volunteers, whereas acute administration of levodopa increased connectivity among these same regions (Cole et al, 2013) . In contrast, reductions in resting state functional connectivity are reported in human subjects following acute cocaine administration (Li et al, 2000) .
Functional connectivity is also altered following chronic stimulant use. After 2 weeks of abstinence, cocainedependent subjects showed significantly reduced functional connectivity between frontal cortical and dorsal striatal regions in comparison with controls (Camchong et al, 2011) . Similar reductions in frontostriatal functional networks are reported for non-human primates trained to self-administer cocaine for 6 years (Murnane et al, 2015) . Functional connectivity is reduced between VTA and thalamus, NAc, and lentiform nucleus of active cocaine users (Gu et al, 2010) . Abstinent users showed functional connectivity reductions between the amygdala and prefrontal cortex and between the hippocampus and prefrontal cortex (Gu et al, 2010) . Finally, cocaine-dependent subjects who relapse within 30 days of treatment display reduced connectivity between amygdala subregions and ventromedial and rostral anterior cingulate cortices (McHugh et al, 2014) . It is important to note that altered functional connectivity in cocaine users may depend on the duration of abstinence before relapse (Camchong et al, 2011; McHugh et al, 2013) and is associated with cognitive deficits (Motzkin et al, 2014) . Similar, and perhaps even greater, effects might occur following chronic use of MDPV.
Finally, while it is possible that systemic physiological perturbations following MDPV administration can affect the BOLD signal, we did not observe any physiological changes (eg, body temperature, respiration, heart rate, relative arterial oxygen tension) in response to MDPV. It should be noted that these physiological measures were collected in sedated rats and, therefore, most likely differ from the awake behaving rat. It is interesting that no significant changes in body temperature at any dose of MDPV were observed. Psychostimulants typically increase body temperature immediately following administration (King et al, 2014) . A recent report also showed that MDPV can increase body temperature (King et al, 2014) , but it should be noted that others did not find an effect of MDPV on body temperature (Aarde et al, 2013; Merluzzi et al, 2014) or body temperature changes that are associated with ambient temperature conditions . Our fMRI measurements were taken 1 h following MDPV administration. At this time point, there has been a report of elevated muscle (but not skin) temperature levels, but the putative vasoconstrictive actions have subsided .
In conclusion, the results of the present study indicate that acute administration of MDPV dose-dependently reduces functional connectivity. This effect is observed in multiple brain regions included in the present analysis and is measurable at 50-60 min after administration. Blocking dopamine receptors does not prevent the reduced connectivity, suggesting that dopamine receptor overstimulation is not a major cause of the reduced functional connectivity. These findings suggest that an alternative mechanism of action for MDPV may exist. While one candidate mechanism might involve MDPV effects via NET (Simmler et al, 2012) , an additional and unexplored possibility, based on some clinical reports, is a mechanism indirectly involving γ-aminobutyric acid (GABA). Anxiolytic agents acting through GABA A , such as benzodiazepines (diazepam, lorazepam) and valproate, have proven effective in ameliorating the negative symptoms of bath salt intoxication (Bertol et al, 2014; Stoica and Felthous, 2013) . Because these agents act via a different mechanism not involving monoaminergic transmission, this may be a target that could receive less attention. As GABAergic neurons modulate cortical synchrony (Fries, 2009 ) and loss of synchrony can occur in psychosis (Moran and Hong, 2011) , GABA-mediated rescue of functional connectivity in the regions reported here (prelimbic cortex, insular cortex, NAc) may be of clinical interest (Bertol et al, 2014; Stoica and Felthous, 2013) . Additionally, although not considered here, the reduction in resting state functional connectivity could represent a functional signature associated with neurodegenerative effects that have been reported with other stimulant drugs (Blum et al, 2013; Gold et al, 2009) . Finally, future work should consider the combinations of bath salt agents that are typically abused. There is a growing list of synthetic cathinones (eg, mephedrone, methylone) but a shortage of data regarding their in vivo effects on brain function.
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